The strong anti-trypanosomal active compound, molucidin, contains a spirolactone tetracyclic iridoid skeleton and is isolated from Morinda lucida as an enantiomer of oruwacin, which is isolated from the same plant. To confirm the absolute configuration of molucidin, we prepared single crystals of molucidin for X-ray analysis. The absolute configuration of the afforded single crystal was determined by X-ray crystallography using a Cu radiation source. X-ray diffraction data were collected at 93 K in the 2h range 7.468-134.99°and analyzed using the SHELXL-2014 program. The corresponding chiral quaternary carbon atoms in molucidin were unambiguously determined as 1R, 5S, 8S, 9S, and 10S. Notably, both enantiomers of a single molecule, molucidin and oruwacin, with a rigid structure have been isolated from the same plant species. The biosynthetic pathway for the formation of molucidin is also discussed on the basis of the absolute configuration. Our results for the first time support for structural elucidation of tetracyclic iridoids using X-ray analysis.
Introduction
Recently, the use of medicinal plants has garnered the attention of researchers widely.
1,2 Morinda lucida Benth. (Rubiaceae), medium-sized evergreen trees with dark-shiny leaves on the upper surface, is a well-known medicinal plant widely distributed in Africa. 3 Researchers found that M. lucida is a natural resource rich in antraquinones similar to oruwal, 3-hydroxyanthraquinone-2-carboxyaldehyde, 1,3-dihydroxy-2-methylanthraquinone, 1,3-dihydroxyanthraquinone-2-carboxyaldehyde, and so on. [4] [5] [6] [7] Furthermore, various iridoids have been isolated from Morinda spp. and other members from the Rubiaceae family. The tetracyclic spirolactone iridoids including oruwacin (from M. lucida) and prismatomerin (from Prismatomeris tetrandra) have been found to be relatively rare and possess unique rigid structures. [8] [9] [10] [11] The structural identification of these analogs, especially the assignment of the absolute configuration, has been debated in the literature. 9, [12] [13] [14] Very recently, the unambiguous absolute configuration of the tetracyclic iridoids, plumericin, isoplumericin, oruwacin, and prismatomerin was confirmed. [12] [13] [14] In our ongoing study on extracting anti-trypanosomal active compounds from Ghanaian medicinal plants, we isolated the novel anti-trypanosomal iridoid, molucidin (named by our group) from the leaves of M. lucida, whose structure was assigned on the basis of physicochemical and spectroscopic studies (NMR and electron http://dx.doi.org/10.1016/j.tetlet.2015.11.031 0040-4039/Ó 2015 Elsevier Ltd. All rights reserved. capture dissociation (ECD) spectra). 15 Cotton effects in the ECD spectrum and the specific rotation were opposite in sign compared with oruwacin, suggesting that the stereochemistry of molucidin is opposite to that of oruwacin. 12, 15 To further confirm the stereochemistry of molucidin, we prepared single crystals of molucidin and analyzed them using X-ray diffractometry. This study examined the determination of the absolute configuration of molucidin by X-ray analysis and the relation between molucidin and oruwacin.
Results and discussion
As previously reported, 15 the structure of molucidin has been elucidated by high-resolution electrospray ionization mass spectrometry (HR-ESI-MS), NMR spectroscopy, and comprehensive analysis of the HMQC, HMBC, H-H COSY, and NOESY spectra enabled complete assignments of its proton and carbon signals.
The relative configuration including the E-geometry of C-11-C-13 double bond and the absolute configuration of its spirolactone tetracyclic iridoid skeleton in particular was assigned as (1R, 5S, 8S, 9S, 10S) according to the extensive NMR spectra, optical rotation value, and circular dichroism (CD) spectrum. As shown in the CD spectrum, the Cotton effects at 235 nm (positive) and 250 (negative), which were consistent with the literature, further confirmed the stereochemistry as (1R, 5S, 8S, 9S, 10S). Molucidin is (À)-oruwacin, which is the enantiomer of oruwacin ( Fig. 1 ). Oruwacin was first isolated by Adesogan 10 in 1978 from leaves of M.
lucida. Until recently, its absolute stereochemistry was unambiguously clarified as (1S, 5R, 8R, 9R, 10R) by the combination of NMR spectra and optical rotation using computational calculation and experimental value in the literature. 12 Our further effort resulted in the preparation of single crystals of molucidin for X-ray analysis. Recrystallization of molucidin from a MeOH solution at room temperature yielded colorless needleshaped crystals. To reveal the absolute configuration of the afforded single crystal (0.03 Â 0.04 Â 0.4 mm), X-ray crystallography was performed using a Bruker APEX2 diffractometer with a Cu radiation source. X-ray diffraction data were collected at 93 K in the 2h range 7.468-134.99°and analyzed using the SHELXL-2014 program. The unit cell of molucidin was determined to be the orthorhombic chiral space group of P2 1 2 1 2 1 (No. 19) with Z = 4. The resolved molecular structure had a small Flack parameter (the value of deviation), 0.00 (No. 7), indicating that the corresponding chiral quaternary carbon atoms in molucidin were unambiguously determined and found to be 1R, 5S, 8S, 9S, and 10S. 16 The crystal structure of molucidin is shown in Figure 2 , and the selected crystallographic data are summarized in Table 1 .
To the best of our knowledge, this is the first result of crystallization of a tetracyclic iridoid in an orthorhombic space group.
Furthermore, single crystal X-ray diffraction using graphite monochromated CuKa radiation (k = 1.54187 Å) gave an ideal Flack parameter, allowing an unambiguous assignment of the complete absolute configuration of the targeted compound. This study supports the absolute configurations assigned to molucidin and likely those of the tetracyclic iridoid derivatives such as plumericin, isoplumericin, oruwacin, and prismatomerin.
Both enantiomers of a particular compound can be separately isolated from different plant species, such as lignans from Arctium lappa 17 and Forsythia suspense. 18 Moreover, a set of enantiomers of naphtoquinones, shikonin, and alkannin were isolated from Lithospermum erythrorhizon 19 and Alkanna tinctoria, respectively. 20 In a previous study on enzymatical synthesis of enantiomers, we had confirmed that a marihuana compound, cannabichromenic acid, can be biosynthesized from cannabigerolic acid with no asymmetric carbon. In this case, a mixture of enantiomers was obtained because a geranyl group is enzymatically cyclized to prepare a chromen framework, possessing an asymmetric center on flexible carbon. 21 In contrast, tetrahydrocannabinolic acid has an asymmetric carbon in a cyclic rigid framework that is biosynthesized from the precursor, that is, cannabigerolic acid, to give a single enantiomer. 22, 23 Regarding the biosynthetic pathway of molucidin, Figure 1 . The structure of molucidin and oruwacin. molucidin might be biosynthesized from secologanin which is a common component in the Rubiaceae family although it has not been confirmed in M. lucida. Secologanin itself may be first deglycosided and recyclized to reveal molucidin, as shown in Figure 3 . During these biosynthetic reactions, the configurations of C1, C5, and C9 in the molucidin structure are stably maintained similar to those of iridoids and/or monoterpene iridoid alkaloid until the strictosidine structure, a key precursor for indole alkaloids. 24 Furthermore, it is remarkable that both enantiomers, molucidin and oruwacin, were isolated from the same plant species, M. lucida, although the biosynthetic pathway of both enantiomers might be impossible by the corresponding enzymes.
Materials and methods

Isolation of molucidin
Molucidin was isolated from a CHCl 3 extract of M. lucida leaves, as reported previously. 15 The structure was confirmed by NMR and mass spectra analysis. 
Single crystal X-ray diffraction (SXRD)
A suitable single crystal of molucidin was glued onto a glass fiber using epoxy resin. X-ray diffraction data were collected on a Bruker APEX-2 diffractometer with graphite monochromated CuKa radiation (k = 1.54187 Å). Reflections were collected at 93 ± 1 K. The molecular structures were solved by direct methods (SHELXL-2014) to give a P212121 (No. 19) space group. All nonhydrogen atoms were refined anisotropically and hydrogen atoms were refined isotropically. Crystallographic data collection and structural refinement information for molucidin are listed in Table 1 . The Flack parameter value was less than 0.3, indicating that the absolute configuration was determined correctly. Crystallographic data for the structure reported in this study have been deposited with the Cambridge Crystallographic Data Center as supplementary publication no. CCDC 1419523.
